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INTRODUCTION
============

Ion channels are transmembrane proteins that act as conduits for permeant ions to cross the unpropitious hydrophobic environment of the lipid bilayer membrane. Ordinarily the flux of ions is tightly regulated to maintain proper ionic and osmotic gradients across the plasma membrane. This is the job of gates that permit or deny access of ions to the hydrophilic permeation pathway. In voltage-gated ion channels, the gates open and close this pathway in response to changes of membrane potential. However, even in this restricted class of cation-selective ion channels the gates use a variety of conformational processes to open and close the pore. For example, a gate may diffuse into and plug the pore. This occurs during N-type inactivation of voltage-gated potassium (Kv) channels, when the open pore becomes occluded by a tethered cytoplasmic "ball" ([@bib27]; [@bib69]; [@bib71]). Closure of the pore may also be caused by collapse of the region that confers selectivity to specific ions. This has been proposed to occur during the process of slow inactivation of Kv channels ([@bib58]; [@bib35]; [@bib65], [@bib66]; [@bib36]). Finally, the activation gate, which is usually the first gate to respond to membrane depolarization, opens as a result of the widening of a four-helix bundle at the cytoplasmic end of the pore ([@bib13]; [@bib14]; [@bib24]; [@bib37]). This bundle consists of the four S6 segments, one from each subunit, that line the cytoplasmic half of the pore, converging to form the activation gate.

The structural changes underlying the opening and closing of the activation gate of potassium channels are unknown, although a variety of alternatives have been proposed for members of this superfamily of ion channels. In several of the early proposals, the four helices approximately maintain their α-helical secondary structure throughout. Opening occurs when these helices pivot away from the symmetry axis of the pore while rotating around their helical axes ([@bib50]; [@bib22]; [@bib33]; [@bib43]). The pivot point in this model is near the extracellular end of the S6 segment. In another proposal the activation gate opens by formation of a kink, or "gating hinge," in the middle of the S6 helix ([@bib30]; [@bib34]; [@bib61]; [@bib70]; [@bib17]). This model is supported by differences in the crystal structures of the homologous helices of closed ([@bib18]; [@bib38]) and open ([@bib29],[@bib30], [@bib31]) potassium channels, and also by state-dependent cysteine labeling of residues near the bundle crossing of the KcsA potassium channel ([@bib34]). A kink in the inner helix of MthK potassium channels ([@bib30]) creates an opening wide enough to accommodate intracellular pore blockers as large as tetrabutylammonium (TBA, ∼12 Å in diameter). In spite of its large size, TBA can enter deeply into a potassium channel when it is open ([@bib71]). The 30° kink observed in the MthK structure occurs near a glycine (Gly) residue that is highly conserved in the pore-lining helices of many potassium channels, whether or not they are gated by voltage ([@bib30]). Gly residues are known to confer flexibility to protein structures ([@bib42]; [@bib6]), making them excellent candidates to act as movable hinges. In a final proposal, a variant of hinged opening, a proline-based kink below the conserved Gly in S6 segments exists in both open and closed channels and somehow contributes to the gating of Kv channels ([@bib26]; [@bib13]; [@bib14]; [@bib39]; [@bib63]). The role of the upstream Gly in this proposal is unclear.

Here we examine the idea of a Gly hinge by showing first that alanine, the amino acid residue that maximally stabilizes α-helices ([@bib47]; [@bib8]), cannot substitute for Gly466 in the S6 segment of *Shaker* potassium channels. Tetramers that include even one G466A subunit are nonfunctional. We further test whether a Gly residue, substituted elsewhere along the S6 segment, can restore voltage-dependent gating to the nonfunctional G466A mutant. Our Gly scan uncovered only one functional double mutant, G466A/V467G, which had alterations in activation gating. Besides these results that support the idea that a Gly hinge is used during voltage-dependent opening of the activation gate, we also found that any construct containing the G466A mutation lacked the typical high molecular weight glycosylation feature of wild-type (WT) *Shaker*, suggesting a further role of this Gly residue in biogenesis of potassium channels.

MATERIALS AND METHODS
=====================

Mutagenesis and Expression
--------------------------

Mutations were generated by PCR as previously described ([@bib15]). The WT background we used was *Shaker* H4 with the following four modifications: deletion of residues 6--46 to remove N-type inactivation, T449V to inhibit C-type inactivation, and C301S and C308S. All mutations were verified by sequencing, and many of the constructs were epitope tagged with FLAG (DYKDDDDK) inserted into either the COOH terminus (pBSTA vector; gift of A.L. Goldin, University of California, Irvine, CA) or the NH~2~ terminus (pGW1-CMV vector; British Biotechnology). Both mammalian cells (tsA201 and HEK293) and *Xenopus* oocytes were used for expression. Mammalian cells were transiently transfected with a standard calcium phosphate method. *Xenopus* oocytes were injected with cRNA prepared by in vitro transcription. The oocytes were then maintained at 19°C for 2--3 d until used for recording. In studies of dominant-negative suppression (e.g., [Fig. 1](#fig1){ref-type="fig"} B) we verified that expression of WT channels was not affected in a nonspecific manner by coinjecting oocytes with pHook-1 (Invitrogen) cRNA at a molar level 20-fold higher than the *Shaker* subunit. pHook-1 is a single transmembrane protein with a myc tag at its NH~2~ terminus. We verified pHook-1 expression in these experiments by Western blot using an antibody against myc (not depicted). pHook-1 had insignificant effects on the levels of WT currents in five separate experiments.

![Wild-type subunits cannot rescue the lethality of the G466A subunits. (A) Whole cell Cs^+^ currents in tandem dimers. Holding potential, −120 mV, depolarizations from −80 to +60 mV in 10-mV increments. WT-WT tandem produces currents comparable to those of WT monomers. The arrow shows gating current. A tandem dimer of WT and G466A, with the mutant downstream of the WT, is completely nonfunctional. Cotransfected tsA201 cells were identified by 4-μm beads coated with CD8 antibody (Dynal Biotech). The tandem construct included the extra linker residues -NNNNNNAMN- between the two protomers. (B) Dominant-negative suppression. Coexpression of WT and G466A monomers reduces peak WT current amplitude at +70 mV in oocytes (*n* = 15--18 oocytes for each data point). The same molar amount of cRNA for WT was injected in each condition, with the remaining volume adjusted appropriately with water or mutant cRNA. The abscissa represents the molar fraction of WT cRNA. The dashed line is the suppression predicted by the binomial equation. The solid line is a single-parameter fit of a model in which there is an assembly penalty of 1.65 ± 0.14 kcal/mol for each mutant--WT contact in a tetramer (APPENDIX).](200509287f1){#fig1}

Biochemistry
------------

HEK 293 cells (60% confluence) were transfected with 20 mg WT or mutant DNA and cultured for 48 h. Cells were homogenized in lysis buffer (20 mM Na~2~HPO~4~, 30 mM Na~4~P~2~0~7~, 1 mM MgCl~2~, 0.5 mM EDTA, 300 mM sucrose, protease inhibitor cocktail \[Roche\], pH ∼9.3), and centrifuged at 500 *g* for 5 min. The supernatant was centrifuged at 50,000 *g* for 30 min and the pelleted membrane fraction resuspended in lysis buffer. Protein concentration was determined using the Bradford Assay (Bio-Rad Laboratories). Samples (equal protein) were separated by SDS-PAGE and transferred to PVDF membrane (Millipore). Immunoblots were blocked with 5% milk, 0.1% Tween-20 in Tris-buffered saline, pH 7.5, and probed sequentially with anti-FLAG (Stratagene) antibody and secondary HRP-conjugated antibody (Roche) diluted in blocking solution. Detection was by enhanced chemiluminescence (PerkinElmer). Surface expression of *Shaker* mutants in transfected cells was assayed by the "Cell Surface Protein Biotinylation and Purification Kit" (Pierce Biotechnology). For biotinylation experiments we used the cytoplasmic protein early response kinase (ERK) as a negative control. ERK was detected by an anti-ERK antibody (Promega).

Electrophysiology
-----------------

Whole cell currents from transfected cells were obtained as described previously ([@bib16]). For whole cell recording, the patch pipette contained (in mM) 105 CsF, 35 NaCl, 10 EGTA, 10 Hepes, pH 7.4. The bath contained (in mM) 150 NaCl, 2 KCl, 1.5 CaCl~2~, 1 MgCl~2~, 10 Hepes, pH 7.4. For analysis of selectivity we used either whole cell currents or outside-out patches in which all of the intracellular Cs^+^ was replaced with Rb^+^, and the extracellular Na^+^ and K^+^ were completely replaced with either Rb^+^ or K^+^. Whole cell currents from oocytes were obtained by standard two-microelectrode voltage clamp using a bath of (in mM) 116 NaCl, 2 KCl, 2 MgCl~2~, 1.8 mM CaCl~2~, 5 Hepes, pH 7.6.

Experiments examining single channels or nonstationary noise analysis used cell-attached patches from oocytes. In these studies the pipette solution contained (in mM) 140 NaCl, 10 KCl, 5 MgCl~2~, 10 Hepes, pH 7.2. Block by tetraalkylammonium cations was studied with inside-out patches using the same pipette solution, and a bath containing (in mM) 140 KCl, 2 MgCl~2~, 1 CaCl~2~, 11 EGTA, 10 Hepes, pH 7.2.

Data Analysis
-------------

Data were analyzed using pCLAMP (Axon Instruments), ORIGIN 7.5 (OriginLab), and Fortran (Compaq). Selectivity of Rb^+^ over K^+^ was estimated from shifts in reversal potential Δ*V* ~rev~ under biionic conditions ([Fig. 5](#fig5){ref-type="fig"}) according to $$\documentclass[10pt]{article}
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\begin{equation*}\frac{P_{{\mathrm{Rb}}^{{\mathrm{+}}}}}{P_{{\mathrm{K}}^{{\mathrm{+}}}}}={\mathrm{exp}} \left \left(\frac{{\mathrm{{\Delta}}}V_{{\mathrm{rev}}}F}{RT}\right) \right {\mathrm{,}}\end{equation*}\end{document}$$where *RT/F* = 25 mV at room temperature. Nonstationary noise analysis used previously described methods ([@bib15]). Throughout the paper, error bars represent the standard error of the mean.

Block
-----

Block by intracellular TBA and tetrapentylammonium (TPentA) were studied in inside-out oocyte patches. *K* ~d~, the dissociation constant for block, was estimated from the dose--response relationship at +80 mV, using the relationship *K* ~d~ = \[B\]*F* ~un~/(1 − *F* ~un~), where the blocker concentration is \[B\] and *F* ~un~ is the steady-state fraction of unblocked current. Note that this relationship ignores possible effects of open probability on block (see [@bib15]). If all of the steady-state channel gating observed at membrane potentials \>+20 mV is due to movement of the activation gate, *K* ~d~ could be overestimated by at most ∼30% by ignoring open probability, because peak open probability estimated by nonstationary noise analysis was typically \>0.7. The kinetics of block were determined from WT patches using the time course of current reduction during a depolarizing voltage step. The concentration-dependent blocking rate ρ is the inverse of the single-exponential time constant of block. The association rate constant for a one-step blocking reaction is estimated as *k* ~on~ = ρ/(*K* ~d~ + \[B\]), and the dissociation rate constant is *k* ~off~ = ρ*F* ~un~. The blocking rate ρ for the G466A/V467G mutant was determined by stationary noise analysis ([@bib46]). Currents were obtained in inside-out patches in response to ∼160 depolarizations to +80 mV. Currents were lowpass filtered at 20 kHz and sampled at 200 kHz. Power spectra were calculated for each depolarization, using a discrete Fourier transform implemented in Fortran, and averaged. Resultant spectra were fit by a sum of 1/f noise and a lorentzian component with a corner frequency ƒ~c~. The blocking rate was estimated as ρ = 2πƒ~c~ ([@bib4]), and the association and dissociation rate constants were determined as above.

RESULTS
=======

The G466A mutant in *Shaker\'s* S6 segment is nonfunctional ([@bib67]; [@bib45]), supporting the hypothesis that the flexibility bestowed by Gly466 is important for the activation gate to open. The lethality of this mutation in a homotetrameric channel raises the question whether a functional channel could be formed in a heterotetramer of WT and mutant (Gly466A) subunits. This might be expected, based on the fact that in eukaryotic voltage-dependent sodium channels, one of the four S6 segments (D4/S6) is missing this conserved Gly residue. Initially we tested whether WT *Shaker* subunits could rescue mutant subunits by constructing tandem dimers in which either both subunits were WT, or else one had the G466A mutation. Only the former tandem construct was functional in mammalian cells ([Fig. 1](#fig1){ref-type="fig"} A). The G466A mutant not only lacks ionic current, but also the gating current that usually precedes opening of the activation gate (arrow in [Fig. 1](#fig1){ref-type="fig"} A; e.g., [@bib16]). In voltage-gated ion channels this gating current is due to the movement of the channel\'s voltage sensors, primarily the positively charged S4 segments, in response to a step depolarization. It is unlikely that the immobility of the voltage sensor is due to inflexibility of the S6 segment, we believe, because in WT channels most of this charge movement occurs before the activation gate opens ([@bib5]). Moreover, other S6 mutations are capable of abolishing ionic current while leaving gating currents relatively intact ([@bib24]; [@bib37]). This raises the possibility that the G466A mutation affects biogenesis or transport to the plasma membrane, an issue we address below. Note that the perniciousness of the G466A mutation contrasts with the innocuous effects of alanine substitutions of homologous Gly residues in two of the S6 segments of a voltage-dependent sodium channel ([@bib64]), suggesting the possibility of significant differences in activation gate opening in these two related classes of ion channels.

To test the ability of G446A subunits to participate in heterotetramer formation with WT channels, we coexpressed WT and G466A monomers both in mammalian cells and in *Xenopus* oocytes. The biophysical properties of the resultant currents were indistinguishable from those of WT channels (not depicted), except that the currents were reduced in amplitude ([Fig. 1](#fig1){ref-type="fig"} B), indicative of a dominant-negative suppression. Note that the amplitudes of WT control currents were unaffected by coexpressing a 20-fold higher molar equivalent of the transmembrane protein pHook-1, ruling out nonspecific effects of cRNA injection (MATERIALS AND METHODS). These data suggest that mutant subunits can coassemble with WT subunits, and that even a single mutant subunit within a tetramer destroys function.

The dashed line in [Fig. 1](#fig1){ref-type="fig"} B shows the relationship predicted by the binomial distribution (see APPENDIX) between the potassium current amplitude and the fraction *p* of WT cRNA injected into the oocytes. The suppression observed experimentally is grossly overestimated by this theoretical prediction. Two immediate explanations come to mind. The first is that *p* is much larger than we believe under the conditions of our experiments. Quantitatively the results in [Fig. 1](#fig1){ref-type="fig"} B can be fit reasonably well if WT protein expresses ∼12-fold better than mutant protein (calculations not shown). We reject this possibility, however, because it is inconsistent with our biochemical data ([Fig. 2](#fig2){ref-type="fig"}) that show very similar expression levels of mutant and WT protein. Moreover, the presence of comparable levels of mutant and WT protein on the cell surface ([Fig. 4](#fig4){ref-type="fig"}) suggests that mutant subunits form homotetramers approximately as well as WT subunits. The second possibility is that homotetramers, of either WT or mutant subunits, assemble more readily than the heteromers that produce suppression. The solid line in [Fig. 1](#fig1){ref-type="fig"} B is the prediction of a model in which each mutant:WT contact within a tetramer carries a fixed penalty of 1.65 ± 0.14 kcal/mol for assembly (see APPENDIX). Although this is only one of several possible explanations for the impoverished suppression in these experiments, it adequately accounts for the data.

![Western blots show that all constructs containing G466A, including the functional mutant G466A/V467G, produce roughly comparable amounts of protein, but with restricted glycosylation, as shown by the absence of the high molecular weight band observed in the WT.](200509287f2){#fig2}

Glycine Scan
------------

We tested the proposal that a hinge is necessary for channel opening by performing a glycine scan in the background of the nonfunctional G466A mutant. Eight double mutants were examined, four above and four below G466A. All FLAG-tagged mutants express protein ([Fig. 2](#fig2){ref-type="fig"}). None, however, is as extensively glycosylated as WT channels, as evidenced by the absence in the mutants of a higher molecular weight band characteristic of a mature form of the channel ([@bib52]; [@bib11]). The lower weight band typically represents immature channels that are only core glycosylated, and may be retained in the endoplasmic reticulum ([@bib52]; [@bib49]; [@bib11]). This is not an absolute impediment to surface expression, however, because mutations that remove the glycosylated asparagine residues of *Shaker* do not obliterate potassium currents ([@bib52]). Indeed, one of the double mutants, G466A/V467G, is functional ([Fig. 3, A and B](#fig3){ref-type="fig"}), indicating that a substantial fraction of the protein escaped the endoplasmic reticulum to reach the plasma membrane.

![Functionality tested in Gly mutants. (A) Functional Gly scan using FLAG-tagged double mutants expressed in *Xenopus* oocytes. Peak currents at +50 mV. All mutants contained G466A and cRNAs were injected at equimolar concentrations. Recordings were obtained 2 d after injection, *n* = 3--6 eggs. Similar results were obtained for all double mutants using mammalian cell expression (not depicted). (B) Cs^+^ currents obtained in whole cell recording as described in [Fig. 1](#fig1){ref-type="fig"} A. (C) *G-V* relationships for Cs^+^ currents in WT, V467G, and G466A/V467G constructs (*n* = 4 in each case) in mammalian cells. These relationships were determined from isochronal tail current measurements. The *G-V* relations were fitted to the Boltzmann equation:\
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where *G*(*V*) is normalized conductance, *V* ~1/2~ is the half activation voltage, *q* is the unitless slope, and *RT/F* is 25 mV at room temperature. For WT: *V* ~1/2~, *q* was −40.5 ± 0.8 mV, 4.99 ± 0.13; for V467G: *V* ~1/2~, *q* was −55.2 ± 2.4 mV, 3.50 ± 0.23; for G466A/V467G: *V* ~1/2~, *q* was −22.0 ± 1.2 mV, 2.16 ± 0.11. Free energy differences were calculated as ΔΔ*G* = Δ(*qFV* ~1/2~) for any two constructs. Although this is only a crude measure of the open--closed equilibrium energy, an improved approach based on the assumption that S6 mutants affect only the concerted opening transition ([@bib67]) is inconsistent with the differences between WT and the V467G mutant, because the mutation causes the *G*-*V* relationship to be both left shifted and shallower than that of the WT.](200509287f3){#fig3}

The ability of G466A/V467G alone to yield potassium currents has two possible explanations. V467G could either rescue function or reestablish trafficking to the plasma membrane. To discriminate these two alternatives we compared surface expression of three FLAG-tagged constructs, WT, G466A, and G466A/V467G, using a biotinylation assay. Surface proteins were indiscriminately labeled with a membrane-impermeant bifunctional reagent that covalently attaches biotin to primary amines. These surface proteins were immunoprecipitated with neutravidin and probed with FLAG antibody. [Fig. 4](#fig4){ref-type="fig"} shows a similar pattern of staining for whole cell lysates (left) and immunoprecipitated protein (right) from the same transfected cells, indicating that functional (WT and G466A/V467G) and nonfunctional (G466A) channels are all expressed on the cell surface at comparable levels. Control experiments show that an endogenous cytoplasmic protein (ERK) is not immunoprecipitated under the same conditions ([Fig. 4](#fig4){ref-type="fig"}). Our results indicate that V467G rescues function, rather than trafficking to the cell surface. Nevertheless, the amplitudes of WT currents, both in mammalian cells and in *Xenopus* oocytes, are typically ∼5--10-fold larger than obtained with G466A/V467G channels (unpublished data). The cause of this difference in current amplitude is not evident because, as we show later, individual G466A/V467G channels have a maximum open probability that approaches that of the WT. We interpret these composite results as an indication that G466A produces some defect in biogenesis that inhibits glycosylation, in addition to a destruction of function. Only the functional defect of the G466A mutation is rescued by V467G.

![Constructs containing G466A, whether functional or not, are expressed on the plasma membrane. The top/bottom panel is blotted with anti-FLAG/anti-ERK antibody, respectively. The left side is protein from whole cell lysates of tsA201 cells transfected with the indicated constructs (see [Fig. 2](#fig2){ref-type="fig"}) and immunoprecipitated surface protein from the same cells on the right. The FLAG western shows comparable expression levels for the three *Shaker* constructs, both in whole cell lysates and from surface protein. Western blots from the same material shows the presence of the cytoplasmic proteins ERK1 (top band) and ERK2 in whole cell lysates but not from surface protein.](200509287f4){#fig4}

The double mutant G466A/V467G is reluctant to open. The depolarizing shift in the conductance--voltage (*G*-*V*) relationship, decrease in its slope ([Fig. 3](#fig3){ref-type="fig"} C), and slowing of activation kinetics ([Fig. 5](#fig5){ref-type="fig"} A) all suggest that the mutations shift the equilibrium of the final opening transition in the activation pathway away from the open state, as described for some other mutations along the S6 segment ([@bib67]). Energetically this double mutation increases the work of opening the channel by ΔΔ*G* = 3.56 kcal/mol (see legend of [Fig. 3](#fig3){ref-type="fig"}). To examine the energetic effect of G466A alone, we compared the *G*-*V* relationship of the single mutant V467G with that of G466A/V467G. The *G*-*V* curve of the single mutant is left shifted and steeper than that of the double mutant ([Fig. 3](#fig3){ref-type="fig"} C); the energetic consequence of introducing G466A on the background of V467G is equivalent to ΔΔ*G* = 3.36 kcal/mol. If mutations of these adjacent residues are assumed to have independent consequences on activation gating, the single mutation V467G is energetically rather insignificant (\<0.4 kcal/mol) compared with the effect of mutating residue Gly466.

![The G466A/V467G mutations have no effect on Rb^+^/K^+^ selectivity. (A) Currents shown from either an outside-out patch (WT on left) or whole cell recording (G466A/V467G on the right). Voltage protocols described in the text. (B) Reversal potentials of isochronal I-V plots were obtained by linear interpolation. Rb^+^ solutions caused a −6.9 ± 0.7 mV shift in WT (*n* = 4 cells) and a −4.7 ± 0.9 mV shift in mutant (*n* = 6) channels.](200509287f5){#fig5}

Open Channel Properties of the G466A/V467G Mutant
-------------------------------------------------

We might expect that a displaced gating hinge would affect open channel properties, due either to the proximity of the mutations to the channel\'s selectivity filter, or to how wide the activation gate is able to open. We explore three of these properties here: selectivity, single channel conductance, and pore block by tetraalkylammoniums.

[Fig. 5](#fig5){ref-type="fig"} shows that the relative permeability of Rb^+^ and K^+^ ions is unaffected in the double mutant. The WT (left) and mutant (right) panels show currents in the presence of either high extracellular \[K^+^\] (above) or high extracellular \[Rb^+^\] (below). Currents were activated by a depolarization to +75 mV and followed by hyperpolarizing steps to voltages between +60 and −80 mV. Amplitudes of isochronal tail currents are plotted in [Fig. 5](#fig5){ref-type="fig"} B. The leftward shift of reversal potential in a Rb^+^ bath indicates that K^+^ ions are moderately more permeable than Rb^+^ ions. The comparable shift for WT and G466A/V467G channels indicates that the double mutation has little effect on selectivity. The permeability ratios *P* ~Rb+~/*P* ~K+~ based on these shifts were 0.76 ± 0.02 (*n* = 4) for WT channels and 0.83 ± 0.03 (*n* = 6) for G466A/V467G channels (P \> 0.05, *t* test).

Point mutations in the vicinity of the open activation gate are known to affect single channel conductance ([@bib15]). This suggests that alterations in S6 conformation in the open state might produce changes in flux of K^+^ ions through the channel. To test this, we examined single channel conductance for K^+^ in either of two ways, single channel recording ([Fig. 6](#fig6){ref-type="fig"} A) or nonstationary noise analysis ([Fig. 6](#fig6){ref-type="fig"} B). The single channel conductance was marginally larger in the double mutant than in WT patches (see [Fig. 6](#fig6){ref-type="fig"} and legend), suggesting only minor effects on the structure of the open activation gate.

![The G466A/V467G mutations have little effect on single channel conductance. (A) Examples of single channel openings in response to steps to +80 mV from a holding potential of −70 mV in cell-attached patches. Low-pass filter, 2 kHz. Data from these two patches were fit by amplitude histograms producing estimates of 2.01 pA for WT and 2.22 pA for G466A/V467G. (B) Nonstationary noise analysis for depolarizations to +80 mV in two cell-attached patches, 10 kHz low-pass filter. Estimates of single channel current *i* amplitude and *P* ~open,max~ are shown. Estimates of *i* and *P* ~open,max~ in nine WT patches were 1.84 ± 0.07 pA and 0.78 ± 0.01, respectively. In six G466A/V467G patches the estimates of *i* and *P* ~open,max~ were 2.30 ± 0.09 pA and 0.68 ± 0.02, respectively.](200509287f6){#fig6}

Block
-----

The open MthK channel has an inner mouth that is open just wide enough to accommodate a blocker as large as TBA, ∼12 Å in diameter ([@bib71]; [@bib30]). This opening is apparently a consequence of the kink near the Gly466 homologue in MthK ([@bib30]). We ask here whether a shifted Gly hinge opens the activation gate as wide by testing the block of TBA and its larger relative, TPentA ([Fig. 7](#fig7){ref-type="fig"}). We examine the block of these two cations using inside-out oocyte patches.

![The G466A/V467G mutations reduce block of intracellular tetraalkylammonium cations. Data shown from inside-out patches with reagents at indicated concentrations. Currents at +80 mV before and after exposure to blocker are superimposed. Dose--response relationships are shown in the bottom panels with molecular models of the blockers on the right. Data were fit using a single-site blocking model with *K* ~d~ values of 3.77 μM (TBA) and 1.72 μM (TPentA) for WT channels, and *K* ~d~ values of 730 μM (TBA) and 27.6 μM (TPentA) for G466A/V467G (*n* = 3--5).](200509287f7){#fig7}

[Fig. 7](#fig7){ref-type="fig"} shows two features of block that differ between mutant and WT channels for currents elicited at +80 mV. First, the block is considerably more potent in WT than in G466A/V467G channels, 190-fold for TBA and 16-fold for TPentA. Second, the blocking kinetics are resolvable for WT, but not for G466A/V467G, channels. There are several possible explanations for these differences; we will dissect them one at a time.

The blocking site for TBA is deep within the permeation pathway in WT channels ([@bib71]). Perhaps the decreased potency observed in the double mutant is due to the fact that the open activation gate is not wide enough to permit the blocker to enter, and therefore it might have a more superficial blocking site. We tested this possibility by examining the voltage dependence of block, which largely reflects the displacement of permeant ions by the blocker ([@bib57]). The steady-state fraction of blocked channels was determined by experiments comparable to those shown in [Fig. 7](#fig7){ref-type="fig"}, except that the test potential was varied between +20 and +80 mV. [Fig. 8](#fig8){ref-type="fig"} shows that TPentA block is exponentially dependent on membrane potential, with an insignificant difference (P \> 0.05, *t* test) in voltage dependence between WT (δ = 0.15 ± 0.01, *n* = 4) and G466A/V467G (δ = 0.18 ± 0.03, *n* = 4) channels. These data suggest that the blockers reach comparable locations deep within the pore, but that the binding affinity is reduced in the double mutant.

![The G466A/V467G mutations have little effect on the voltage dependence of TPentA block. Steady-state block at voltages between +20 and +80 mV from inside-out patch currents as in [Fig. 7](#fig7){ref-type="fig"}. The data were fit by the equation *F* ~un~/(1 − *F* ~un~) = *C* · exp(−δ*VF*/*RT*), where *F* ~un~ is the steady-state fraction of unblocked current, *C* is a constant, and δ is a unitless parameter representing the fraction of the electric field at the blocking site felt by the blocker and any ions that move with it. The estimates of δ were 0.15 ± 0.01 and 0.18 ± 0.03 for WT and G466A/V467G, respectively, for *n* = 3 patches each. These values are not significantly different (P \> 0.05, *t* test).](200509287f8){#fig8}

Another factor that could reduce the apparent potency of block is a reduction of maximal open probability, because intracellular tetraalkylammonium cations can only block open channels ([@bib2]). Maximal open probability *P* ~open,max~ was estimated from nonstationary noise analysis ([Fig. 6](#fig6){ref-type="fig"} B). Although *P* ~open,max~ is moderately reduced in the double mutant, by \<15%, this cannot account for the dramatic differences in equilibrium block. These results therefore suggest a true difference in affinity of the open channel for TBA block between wild-type and G466A/V467G channels.

If we assume a simple model in which block involves a 1:1 collision between the blocker and its site within the pore, a decreased affinity can be explained by changes in either or both of two rate constants. The double mutant could decrease the second-order blocking constant *k* ~on~ and/or increase the unbinding rate constant *k* ~off~. Mechanistically, these alternatives lead to very different insights into the effect of the double mutation. A decrease of *k* ~on~ suggests an increase in the activation free energy barrier for the blocker to reach its binding site, whereas an increase of *k* ~off~ implies an increase in the free energy (i.e., destabilization) of the blocker-bound state. Our data tend to support the latter alternative, because the blocking kinetics are only slow enough to resolve in wild-type channels ([Fig. 7](#fig7){ref-type="fig"}). The two rate constants underlying block are readily estimated (see MATERIALS AND METHODS) in wild-type channels from the time constant of TBA block (34.2 ± 1.3 ms at +80 mV for 2 mM TBA, *n* = 4) and the dissociation blocking constant *K* ~d~ (3.40 ± 1.04 μM at +80 mV). This analysis produces estimates for *k* ~on~ and *k* ~off~ of 5.44 × 10^6^ M^−1^s^−1^ and 18.5 s^−1^, respectively.

Estimation of these two rate constants requires both kinetic and equilibrium measurements. Because TBA blocking kinetics are not readily apparent in macroscopic currents of the G466A/V467G mutant ([Fig. 7](#fig7){ref-type="fig"}), we resorted to stationary fluctuations to measure blocking kinetics at frequencies up to 10 kHz. [Fig. 9](#fig9){ref-type="fig"} (A and C) shows the mean and variance of currents from inside-out patches in the absence and presence of 1 mM TBA. The currents were generated from 160 depolarizations to +80 mV. The double arrows indicate the region used for stationary noise analysis. Control spectra in the absence of blocker were always well fit by a 1/f function (*n* = 4) with spectral densities orders of magnitude larger than background fluctuations at the −80 mV holding potential ([Fig. 9](#fig9){ref-type="fig"} B). TBA introduces a lorentzian component with a corner frequency (*f* ~c~, arrow) of 2860 Hz ([Fig. 9](#fig9){ref-type="fig"} D). Similar spectra were obtained from four patches in which *f* ~c~ was 2964 ± 64 Hz. If we assume that this component represents TBA blocking kinetics, and that TBA block is insensitive to the gating transitions responsible for the 1/f noise ([@bib4]), these data allow us to estimate *k* ~on~ and *k* ~off~ (see MATERIALS AND METHODS) of 10.8 × 10^6^ M^−1^s^−1^ and 7.83 × 10^3^ s^−1^, respectively. The large value of *k* ~off~ predicts a mean dwell time of only 128 μs for TBA in its blocking site. This would have been extremely difficult to resolve unambiguously with single channel recording.

![Estimates of TBA blocking constants using stationary noise. Inside-out patches for G466A/V467G mutants in the absence (A and B) and presence (C and D) of 1 mM TBA. 160 depolarizations to +80 mV were applied, and stationary noise was measured over the intervals shown by the double arrows. A and C show mean and variance for these currents, with spectra shown in B and D. The spectrum of background noise at the −80 mV is shown in B. Data were fit by a weighted sum of a lorentzian and 1/f noise. The arrow indicates the corner frequency ƒ~c~ of the lorentzian in the patch exposed to 1 mM TBA.](200509287f9){#fig9}

A comparison of these rate constants between WT and the G466A/V467G mutant shows that almost the entire effect of shifting the putative gating hinge on TBA block is due to a 420-fold increase of *k* ~off~ (3.5 kcal/mol), compared with a twofold change of *k* ~on~ (\<0.5 kcal/mol). The small effect on *k* ~on~ suggests a minor change in the energy barrier for entry of TBA, implying that the activation gate of the G466A/V467G mutant opens just as wide as in the wild-type channel.

What could account for the large increase of *k* ~off~ in the double mutant? A previous study showed that a mutation in Kv1.4 equivalent to V467A of *Shaker* caused an ∼1 kcal/mol destabilization of TBA block ([@bib71]). Moreover, crystal structures of potassium channels show that the residues homologous to Val467 extend their side chains into the central permeation pathway ([Fig. 10](#fig10){ref-type="fig"} A). These facts suggest that the decreased potency of TBA block in the G466A/V467G mutant is due more to the loss of the greasy side chain of Val467 than to the G466A mutation. This proposal was confirmed by measuring TBA block of the single mutant V467G, which increased *K* ~d~ from 3.77 μM to 2.47 ± 0.20 mM (3.8 kcal/mol, *n* = 3), an effect even larger than observed for the double mutant in which *K* ~d~ was 0.73 mM ([Fig. 7](#fig7){ref-type="fig"}). This suggests that the G466A mutation itself modestly stabilizes TBA block.

![Tests of steric clash. (A) Two opposing subunits of KcsA from a high-resolution crystal structure (1K4C; [@bib72]), highlighting the position of the pore-lining residue homologous to Val467 in *Shaker* (red). Drawn with Swiss-PdbViewer (<http://us.expasy.org>) and POV-Ray ([www.povray.org](http://www.povray.org)). (B) Single KcsA subunits showing the homologue to *Shaker*\'s Met440 (orange) and Gly466 (green) on the left, and the expected clash due to the G466A mutation on the right. K^+^ ions are depicted as gray spheres. (C) Western blot as in [Fig. 2](#fig2){ref-type="fig"} showing poor glycosylation of all mutants containing G466A.](200509287f10){#fig10}

Our data therefore show little effect of the double mutation G466A/V467G on the biophysical properties, and presumably the conformation, of the open state. Rather, the biophysical consequence of shifting Gly466 downstream by one residue is a disinclination of the channel to enter and remain in the open state, consistent with Gly466 contributing to a gating hinge.

Packing or Flexibility?
-----------------------

A Gly residue has two hallmark properties that are instrumental to its unique roles in a protein. The first, its small size, is known to be important for close packing of α helices, especially in membrane proteins ([@bib40]; [@bib28]; [@bib51]). The second is its ability to confer flexibility to an α helix (see DISCUSSION). We have interpreted our results largely in terms of the latter property. An alternative possibility, however, is that the G466A mutation abolishes function by disrupting packing, and that the rescue of function by V467G is due not to a restoration of flexibility, but to a compensatory decrease in side-chain volume that partially restores normal packing. In support of this idea a crystallographic study of the KirBac1.1 channel advanced the idea that the Gly residue homologous to Gly466 of *Shaker* is involved mainly in packing and is not acting as a pivot point for gating ([@bib38]). The main argument against this explanation for V467G\'s ability to rescue function in the G466A mutant is that the side chain of Val467 appears not to be involved in helical packing ([Fig. 10](#fig10){ref-type="fig"} A). Nevertheless, we tested this possibility by constructing two additional mutations specifically designed to try to rescue the lethal mutation G466A from disruptions of packing.

Based on available crystal structures, the introduced alanine of *Shaker*\'s G466A is expected to clash with a hydrophobic residue at the COOH-terminal end of the pore helix (Ala73 in KcsA, Ile57 in MthK, or Ala194 in KvAP). A high-resolution structure of KcsA (1K4C, 2.00 Å; [@bib72]) is shown in [Fig. 10](#fig10){ref-type="fig"} B (left), along with the expected effect of the G99A mutation that introduces this steric clash in KcsA (right). The *Shaker* homologue of Ala73 in KcsA is Met440. The M440A mutation will reduce the volume of this side chain by 57 Å^3^. By itself this mutation is functional ([@bib67]). We tested whether M440A could rescue the function of the G466A mutation (a 19-Å^3^ increase of side-chain volume). The double mutant M440A/G466A was nonfunctional (no voltage-activated currents in 14 transfected cells \[our stringent functional test was a step depolarization from −190 to +100 mV\]). We saw neither ionic nor gating current, as for other constructs containing G466A. A Western blot of this double mutant showed roughly equivalent levels of protein synthesis as obtained in other constructs and a pattern of immature glycosylation more similar to G466A than to wild-type channels ([Fig. 10](#fig10){ref-type="fig"} C). These results support the idea that neither function nor the glycosylation defect caused by the G466A mutation can be rescued by relief of a potential steric clash between Ala466 and Met440.

We further tested whether the double mutant G466A/V467G is functional simply because of the reduction in side-chain volume at residue 467, rather than an enhancement of helical flexibility in this location. If so, then V467A might also be expected to rescue the lethal G466A. Although not as small as Gly, Ala is 38 Å^3^ smaller than Val. The single mutant V467A is functional ([@bib71]; [@bib67]). However, G466A/V467A is nonfunctional (no voltage-activated currents in eight transfected cells) and exhibits the immature glycosylation pattern found in all constructs containing G466A ([Fig. 10](#fig10){ref-type="fig"} C). These results suggest that the flexibility of the S6 helix at position 466 (or 467) is more important for function than the sizes of the residues at these positions, whereas normal glycosylation absolutely requires a Gly residue at position 466.

DISCUSSION
==========

The critical importance of a Gly residue at position 466 in the S6 segment of *Shaker* is evident from two experimental observations. First, tetramers containing even one subunit with the G466A mutation are nonfunctional. Second, glycosylation is strongly inhibited by G466A, even in the functional double mutant G466A/V467G. The inhibition of glycosylation in all constructs containing G466A, and the lower functional expression levels of the G466A/V467G mutant, suggest a role for Gly466 in biogenesis, perhaps due to its contribution to normal folding of the channel protein in the endoplasmic reticulum. It is not clear why the G466A mutation inhibits glycosylation of *Shaker* channels, which takes place at a distant location in the extracellular S1--S2 loop ([@bib52]). However, we were unable to rescue this glycosylation defect or function with either of two double mutants (M440A/G466A or G466A/V467A) specifically designed to reduce steric hindrance, indicating the relative importance of flexibility of Gly466 rather than its small size. This interpretation is supported by the fact that the G466P mutant of *Shaker* is functional but, like our functional double mutant, exhibits impaired glycosylation ([@bib45]). These authors found that only Gly or Pro residues at this position, out of a total of 10 amino acids tested, produced functional channels. While a Pro residue is significantly larger than Gly, it is also known to introduce flexibility into α helices (see below).

It is especially striking that the open channel properties of G466A/V467G are so similar to those of WT channels, indicating that a Gly residue at position 466 is not absolutely required for a relatively normal open channel structure. Rather, the position of the Gly appears to have a more significant influence on closed--open transitions, consistent with a role as a gating hinge. As stated above, the large differences in affinity for intracellular blockers between WT and G466A/V467G channels are due almost entirely to the V467G substitution, rather than to the G466A mutation.

Gly and Pro residues in the pore-lining helices of potassium channels have been suggested to play roles in activation gating. Two well-known characteristics of these residues in proteins reinforce this proposal. First, both are prevalent at kinks in α helices, and second, they are both known to enhance flexibility of helices. Gly residues are ideally suited to provide flexibility primarily because the absence of a side chain reduces restrictions on movement ([@bib9]). Consistent with this idea, Gly residues are commonly found in hinges and kinks in a wide variety of proteins, for example, *lac* repressor protein ([@bib20]), fungal kinesins ([@bib23]), a helix-loop-helix structure in EF hand proteins ([@bib21]), rhodopsin ([@bib48]), lac permease ([@bib1]), and heme oxygenase-1 ([@bib53]). The difference in helical propensities between Gly and Ala is especially pronounced when the residue of interest is near the middle of an α helix ([@bib8]; [@bib54]), exactly the situation for the conserved Gly in the pore-lining helix of many ion channels. The enhanced flexibility induced by Gly residues in transmembrane α helices has also been demonstrated by molecular dynamics simulations ([@bib7]; [@bib6]). Many Gly residues in kinks are highly conserved, e.g., a specific residue in the loop of 567 different EF hand proteins ([@bib21]). Moreover, the residue homologous to Gly466 in *Shaker* is the most conserved residue in the S6 segments of 478 potassium and cyclic nucleotide--gated channels ([@bib32]). In some potassium channels the apparent homologue of Gly466 is shifted by one position either upstream or downstream ([@bib55]), consistent with our results with a functional, downstream-shifted Gly residue. There are also examples of consecutive pairs of Gly residues at the approximate position of *Shaker*\'s Gly466 in the S6 segments of calcium-activated potassium channels ([@bib55]). These Gly pairs might provide enhanced flexibility for normal activation gating of these channels. Nevertheless, the channels remain functional, although somewhat incapacitated, when both are mutated to Ala ([@bib45]). The homologue of *Shaker*\'s Gly466 residue is found in a bacterial sodium channel as well, where it may also play a role in activation gating ([@bib70]).

Although not as prevalent as Gly ([@bib41]), Pro residues are also found at kinks in α helices ([@bib3]; [@bib44]; [@bib62]). The distortion in helical structure is largely due to a steric clash between the Cγ of the proline ring at position *i* and the carbonyl O atom of residue *i*-4. Typical kink angles due to Pro residues are ∼26° ([@bib3]). Pro residues not only contribute to a disruption of secondary structure. They also increase torsional flexibility, as shown in molecular dynamics simulations ([@bib68]; [@bib60]; [@bib7]; [@bib10]; [@bib6]), and therefore could facilitate hinge-like motion.

Although the inner helix of KcsA, homologous to the S6 segment of Kv channels, lacks Pro residues and is relatively straight, the S6 segments in most Kv channels contain a Pro-*X*-Pro (*X* = Val or Ile) motif seven residues downstream from the conserved Gly. This motif has been postulated to form a pronounced kink, in both open and closed *Shaker* channels ([@bib26]; [@bib13]; [@bib14]; [@bib63]). Mutations of these Pro residues in Kv channels have dramatic, and sometimes lethal, consequences ([@bib24]; [@bib67]; [@bib25]; [@bib39]; [@bib59]). Similar to the results of our study, the nonfunctional Ala substitution for one of these Pro residues can be rescued by introducing a Pro residue in the immediate vicinity ([@bib39]). Finally, introduction of either Pro or Gly residues in the pore-lining helix of an inward rectifier potassium channel has profound effects on its open probability ([@bib32]), supporting a role in gating.

These experimental results all indicate the importance of Gly and Pro residues in the pore-lining helix for activation gating of potassium channels. In Kv channels, the homologues of Gly466 and the Pro-*X*-Pro regions of the S6 segment are both critical for function. This leaves an open question. Are the Gly and Pro residues in the S6 helices of Kv channels acting as static kinks or dynamic hinges ([@bib12])? One possibility is that *Shaker*\'s Pro-Val-Pro forms a static kink and that gate opening primarily involves a hinge-like motion centered on Gly466, as originally proposed by [@bib30]. This idea is consistent with molecular dynamics simulations of *Shaker*\'s S6 segment showing anisotropic hinge-bending motions in the vicinity of Gly466 ([@bib60]). It is also conceivable that Gly466 and the Pro-Val-Pro motif together conspire to bestow the *Shaker* S6 helix with its requisite flexibility. This possibility is also suggested by molecular dynamics simulations of transmembrane helices that show that a Gly residue upstream of a Pro residue enhances flexibility more than the Pro residue alone ([@bib10]). Whatever conformational changes underlie activation in *Shaker*, they must be consistent with changes in ionic permeability between open and closed states ([@bib14]; [@bib56]), and by evidence that the Val residue between the two Pro residues in S6 maintains a fixed orientation, with respect to the same residue in other subunits, during activation gating ([@bib63]). The final arbiter among the myriad possibilities will be solid structural information about a eukaryotic voltage-gated ion channel in both closed and open states.
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Analysis of Dominant Negative Suppression
=========================================

We start with the null hypothesis that mutant (G466A) and WT subunits associate randomly to form five stoichiometries of tetramers:

Random assembly guarantees that the distribution of tetramer compositions will be binomial. The relative proportions of WT and mutant subunits in an oocyte can be controlled approximately by the molar quantities of cRNA injected for each. Let *p* be the probability that a subunit is WT (*p* = Pr{WT}), and 1 − *p* = Pr{mutant}. Then, $$\documentclass[10pt]{article}
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\begin{document}
\begin{gather*}{\mathrm{Pr}} \left \left\{{\mathrm{tetramer\;has}}\;k\;{\mathrm{WT\;subunits}}\right\} \right = 
\\
{\mathrm{B}} \left \left(4,k\right) \right = \left \left(\begin{matrix}4\\ k\end{matrix}\right) \right p^{k} \left \left(1-p\right) \right ^{4-k}{\mathrm{,}}\;k={\mathrm{0,\;1{\ldots}4.}}\end{gather*}\end{document}$$

The data of [Fig. 1](#fig1){ref-type="fig"}, and the observation that K^+^ currents are biophysically unaltered by coexpression of WT and mutant subunits, suggest that the only functional tetramers are WT homomers. We use a conditional probability in predicting the fraction of WT subunits that are functional.
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\begin{gather*}{\mathrm{Pr}} \left \left\{{\mathrm{tetramer\;has}}\;k\;{\mathrm{WT\;subunits}}|{\mathrm{k}}>0\right\} \right {\equiv} 
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{\mathrm{S}} \left \left(k\right) \right =\frac{B \left \left(4,k\right) \right }{1-B \left \left(4,0\right) \right }{\mathrm{,}}\;k={\mathrm{1,\;2,\;3,\;4.}}\end{gather*}\end{document}$$

The expected fraction of WT subunits in the homotetramer (*k* = 4) pool is $$\documentclass[10pt]{article}
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\begin{equation*}F=\frac{4S \left \left(4\right) \right }{{{\sum^{4}_{j=1}}}j{\cdot}S \left \left(j\right) \right }{\mathrm{.}}\end{equation*}\end{document}$$

The dashed line in [Fig. 1](#fig1){ref-type="fig"} B shows the predicted relationship between *F* and the fraction *p* of WT subunits, which is clearly inconsistent with our experimental data. To account for this discrepancy, we explore a model in which homotetramers, of either WT or mutant subunits, assemble more readily than the heteromers which produce suppression.

It is perhaps unreasonable to assume that all stoichiometries of heteromers have similar probabilities of assembling. Instead we consider the case that each mutant:WT contact confers the same additive energetic penalty for tetramer assembly (e.g., see [@bib19]). A "contact" here refers to all of the interactions between two adjacent subunits in a tetramer. The possible conformations of heteromers fall into 4 classes.

For ![](circles1.jpg), all 4 arrangements have 2 mutant:WT contacts.

For ![](circles2.jpg), all 4 arrangements have 2 such contacts.

For ![](circles3.jpg), the 2 arrangements each have 4 such contacts.

For ![](circles4.jpg), all 4 arrangements have 2 such contacts.

We therefore created a modified (indicated by \*) binomial distribution of stoichiometries as $$\documentclass[10pt]{article}
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\begin{equation*}B{\mathrm{*}} \left \left(4,k\right) \right =\frac{{\mathrm{{\eta}}}_{k}B \left \left(4,k\right) \right }{{{\sum^{4}_{j=0}}}{\mathrm{{\eta}}}_{j}B \left \left(4,j\right) \right }{\mathrm{,}}\end{equation*}\end{document}$$with a stoichiometry-dependent penalty factor η*~k~* defined as $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{{\eta}}}_{k}= \left \left\{\begin{matrix}{\mathrm{exp}} \left \left({\mathrm{-}}2{{\mathrm{{\gamma}}}}/{RT}\right) \right {\mathrm{for}}\;k={\mathrm{1,\;3}}\\ {\mathrm{exp}} \left \left({\mathrm{-}}8{{\mathrm{{\gamma}}}}/{3RT}\right) \right {\mathrm{for}}\;k=2\\ 1\;{\mathrm{for}}\;k={\mathrm{0,\;4}}\end{matrix} \right {\mathrm{,}}\end{equation*}\end{document}$$where *R* is the universal gas constant, *T* is temperature in degrees Kelvin, and γ is the energetic penalty (kcal/mol) per mutant:WT contact in a tetramer and equals zero for "no penalty."

We use *B*\*(4,*k*) to compute *S*\*(*k*) and the expected fraction of homotetramer WT channels (*F*\*), as above. We estimate the single parameter γ by a variable metric algorithm. The predicted values of *F*\* are shown as the solid line in [Fig. 1](#fig1){ref-type="fig"} B.
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